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ABSTRACT

Silk protein ionomer-based layer-by-layer (LBL) nanocoating strategy was utilized to preserve the viability, metabolic activity

and differentiation potential of human mesenchymal stem cells (hMSCs) in an in vitro inflamed osteoarthritis (OA) tissue

niche. These temporary ionomer coatings for cell protection were functionalized with cytokines to impart immune-modulatory

behavior. The cytokine-functionalized ionomer nanocoatings polarized neutral MO macrophages into M1 and M2 subtypes,

depending on the specific cytokine used, thereby reducing synovial inflammation in an in vitro setup. This approach would

potentially abrogate the need for ex vivo polarization before transplantation during immunotherapy. The modular nature of

these silk ionomer nanocoatings in tailoring cell surface stability was further validated by extending the cell coatings to 3D

spheroids and also by introducing tyramine to the cationic silk ionomer to facilitate covalent crosslinking in addition to the

electrostatic interactions between the cell surface and the ionomers. These results demonstrate the versatile and modular nature

of silk-based ionomer cell nanocoatings, allowing control at material, cellular, and spheroid levels to tune coating stability and

inflammatory responses. These systems uniquely impart immunomodulatory function, providing a biomaterial platform for

cell-based immune-regenerative therapy, such as for OA and other inflammatory diseases.

1 | Introduction

Regenerative cell therapies have evolved as a promising approach
for managing degenerative and inflammatory disorders, foster-
ing tissue regeneration [1]. Evidently, with persistent limita-
tions in palliative treatment modalities for managing severely
degraded and inflammatory conditions like osteoarthritis (OA),
cell-guided tissue reconstruction approaches are an essential
alternative for the functional restoration of articular cartilage
tissue while immunoregulating the peripheral inflammatory

© 2026 Wiley-VCH GmbH

niche [2, 3]. These limitations have encouraged researchers to
explore stem cell- or immune cell-based therapeutic options
for regenerating lost cartilage and attenuating the progressive
inflammation in OA. MSCs have an innate advantage of a
rapid proliferation rate, a higher tendency for chondrogenic
differentiation than adipose-derived stem cells (ADSCs) and
articular chondrocytes, and inherent immunomodulatory prop-
erties [4, 5] making them important candidates for treating focal
cartilage lesions with single-dose intra-articular injections using
10 million/mL cells [6]. However, the limited cell viability and
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the inclination toward hypertrophic differentiation under the
influence of the inflammatory and oxidative joint microenvi-
ronment remain issues [6, 7]. In the context of immunother-
apy, recent studies have demonstrated the use of genetically
engineered M2-polarized macrophages in promoting cartilage
tissue homeostasis while reducing inflammation [8]. Thus, if
directly transplanted, the neutral MO macrophages require an
additional step for ex vivo polarization to the M2 phenotype
before transplantation, either by exogenous cytokine supple-
mentation [9] or genetic modification techniques [8], making
the procedure cumbersome. Furthermore, if the monocytes or
MO macrophages are directly delivered to an inflammatory OA
niche, they polarize to the inflammatory M1 phenotype [10],
further contributing to the OA pathophysiology by amplifying
the inflammatory niche. Therefore, when designing a cellular
therapy platform targeted at the osteoarthritic environment,
transplanted cells must possess an additional protective layer
around their cell membrane to shield the cells from the detrimen-
tal joint microenvironment while maintaining cellular integrity
and regulating the surrounding immunological niche to initiate
healing.

Biomaterial-based cell surface coating strategies have been
employed as a protective shield for mammalian cells against var-
ious mechanical, biological, and microenvironmental stressors
[11-13]. In this direction, we have demonstrated the structural
stability of silk-based nanocoatings through layer-by-layer depo-
sition for up to 48 h (maximum), beyond which the nanocoating
disengages from the cell surface [14, 15]. Although nanoencap-
sulation preserved cell viability, the proliferation potential of the
1929 murine fibroblasts [14] and the differentiation ability of the
THP-1 monocytes [15, 16] and human intestinal organoids [17],
the efficacy of the nanocoatings as cell armour against severe
environmental and biomechanical stressors akin to the in vivo
conditions remains to be determined. Additionally, the direct
use of monocytes for cell therapy poses a significant challenge
due to their relatively short lifespan in circulation [18]. Further,
the requirement for an additional intermediate polarization state
before differentiation into their respective M1 or M2 phenotypes
for transplantation is an additional complication [19]. Therefore, a
comprehensive study was conducted to explore the multiple roles
of biomaterial-based nanocoatings on the cell surface, serving
both as a protective shield and an immunomodulator, with a focus
on a single disease application.

To circumvent the challenges summarized above, the current
study aimed to develop silk-based bioengineered nanoencapsula-
tion strategies to advance immune-regenerative cell therapeutic
platforms, thereby attenuating OA conditions. Silk fibroin (here-
after referred to as SF) has been utilized in tissue engineering
and regenerative medicine due to its excellent biocompatibility,
biodegradability, and unique chemical structure [20]. The unique
chemical composition of SF offers a wide range of options
for chemical modifications through various SF chemistries,
enabling the incorporation of additional functional moieties
and biochemical mediators to tailor the material’s structure
and function further. The exquisite mechanical properties and
slow degradation kinetics of SF provided additional advantages
of increased retention of the nanocoating on the cell surface.
Thus, we exploited the unique versatility of SF biomaterial
to generate positively and negatively charged silk ionomers,

thereby enhancing the net charge of the protein [21, 22].
With the incorporation of cytokines and functional groups into
these silk ionomers, the utility of these new functionalized
ionomers in immunomodulation related to OA conditions was
systematically investigated. The specific questions addressed
included: (i) the effect of LBL coating thickness on barrier
functions against different catabolic stresses related to OA;
(ii) the immunocompatibility of silk ionomers; (iii) the design
of immunomodulatory nanocoatings that preserved chondrocyte
viability and phenotype post transplantation to regulate the
inflammatory OA niche; (iv) the differentiation of neutral MO
macrophages to M1 and M2 subtypes through the use of cytokine-
embedded nanocoatings; (v) further tuning nanoencapsulation
stability and retention with spheroids or by introducing tyra-
mine (TA) to the ionomer through chemical modifications.
The above goals were investigated through extensive physic-
ochemical and in vitro biological characterization to develop
a comprehensive framework that enhances the efficacy of
stem cell-based methods, as well as autologous chondrocyte
or macrophage-based targeted therapies for OA. The approach
also demonstrates opportunities for treating other inflammatory
diseases.

2 | Materials and Methods

2.1 | Preparation of Positively Charged and
Negatively Charged Ionomer Solutions

Bombyx mori silkworm cocoons were degummed for 60 and 120
min in 0.02 M Sodium Carbonate (Na,CO;) (Sigma-Aldrich, St.
Louis, MO, USA), respectively and dissolved in 9.3 M Lithium
Bromide (LiBr) (Millipore, St. Louis, MO, USA), followed by
dialysis in deionized water for 72 h to prepare native silk
fibroin (SF) solutions [23]. The cationic ionomer was prepared
by reacting native 2% 60 min-boiled SF with Ethylenediamine
hydrochloride (EDA) (Millipore, St. Louis, MO, USA) (0.5 g for
1 g of SF) using 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) (Millipore, St. Louis, MO, USA) (84 mg for 1 g of SF) and
N-hydroxy succinimide (NHS) (Millipore, St. Louis, MO, USA)
(57 mg for 1 g of SF) in 0.05 M (2-(N-morpholino) ethanesulfonic
acid saline (MES) buffer (pH 6.0) at room temperature for 18 h
[14, 15]. The anionic ionomer solution was prepared by reacting
the diazonium salt solution with the concentrated 10% w/v
120 min-boiled SF solution dissolved in 0.5 M borate buffer
(ThermoFisher Scientific, Waltham, MA, USA) at pH 9.0 and
incubating it on ice for 20 min. The resulting SF solutions were
dialyzed against deionized water using a 3.5 kDa molecular
weight cut-off (MWCO) dialysis tube (ThermoFisher Scientific,
Waltham, MA, USA) for 5 days, with 10 water changes, to remove
excess reactants. The solutions were then centrifuged at 9000 rpm
at 4°C for 20 min. The SF solutions were kept in —80° C overnight
and lyophilized for further use, with the positively charged SF
solution, termed SF-EDA, and the negatively charged SF solution,
SF-COOH. The SF-EDA was further labelled with fluorescein
isothiocyanate isomer I (FITC) (Millipore, St. Louis, MO, USA)
by dissolving it in dimethyl sulfoxide (DMSO), diluting it 4 times
and mixing it with 5 mg/mL SF solution in 0.5 M carbonate buffer
for 1 h at room temperature (RT) [14]. The resulting solution
was dialyzed for 3 days, centrifuged and lyophilized for further
use.
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2.2 | Procedure of Nanoencapsulation on the Cell
Surface

Human mesenchymal stem cells (hMSCs) were isolated from
bone marrow aspirates (Lonza Walkersville Inc., Walkersville,
MD, USA) under approval from the Institutional Biosafety Com-
mittee (IBC) of Tufts University, as described by Li et al. [24].
They were grown in expansion medium comprising Dulbecco’s
Modified Eagle Medium (DMEM) supplemented with 10% Foetal
Bovine Serum (FBS), 1% antibiotic antimycotic, 1% non-essential
amino acids, and 10 ng/mL fibroblast growth factor 2 (FGF-2)
[25]. The cells at passage 2 were used for nanoencapsulation at
a concentration of 1 million cells/mL. To optimize the concentra-
tion of the ionomers for nanoencapsulation, the cells were coated
with SF solutions at concentrations of 1 and 2 mg/mL for up
to 3 bilayers. Each bilayer coating consisted of mixing the cells
initially with the SF-EDA solution by gently pipetting, followed
by inversion mixing and then centrifuging at 800 g for 1 min at
4°C. The cell pellets were washed with 40 mm HEPES buffer
supplemented with 5% w/v dextrose and 50 mM sodium chloride
(NaCl) (HD50 buffer). The cell pellets were further suspended
in SF-COOH solution by pipette mixing, and the cell pellet post
centrifugation was rewashed with HD50 buffer to complete the
formation of 1 bilayer. The steps were repeated to form 3-, 6-, and
10-bilayer coatings on the cell surface [14, 15].

2.3 | Evaluating the Stability and Physicochemical
Properties of Nanocoating

2.3.1 | Fluorescence Microscopy

To evaluate and optimize the stability of different concentrations
and layers on the hMSC surface, FITC-labelled SF-EDA was used
as the cationic ionomer, along with an unlabeled anionic ionomer
solution (SF-COOH), for encapsulating the cells. The nanocoated
cells with different concentrations and bilayers were incubated
and imaged at days 1, 3, and 7 using a BZ-X700 fluorescence
microscope (Keyence Corp., IL, USA) to assess the persistence of
the deposited ionomers.

2.3.2 | Scanning Electron Microscopy (SEM)

The different bilayer nano-encapsulated cells were seeded on
8 um transwell inserts (Corning Inc., Corning, NY, USA), followed
by fixation in 1% glutaraldehyde for 1 h at RT. The cells were
then washed with distilled water and subjected to dehydration
using a gradient of ethanol concentrations (30%, 50%, 70%, 90%,
and 100% w/v). The dehydrated cells were then incubated with
hexamethyldisilazane (HMDS; Sigma-Aldrich, St. Louis, MO,
USA) to preserve cell morphology and were left in a fume hood
overnight for drying. The samples were then sputter-coated with
Au-Pd under vacuum and further imaged using an SEM (Zeiss
Ultra Plus, Germany) [15].

2.3.3 | Atomic Force Microscopy (AFM)

The hMSCs post-nanocoating were seeded on 8 um transwell
inserts at a density of 10* cells/ transwell and imaged using an

Asylum Research MFP-3D-Bio AFM (Asylum Research, Santa
Barbara, CA, USA) fitted with a NanoWorld Pyrex-Nitride trian-
gular (PNP-TR) AFM probe (Asylum Research, Santa Barbara,
CA, USA). The elastic modulus was measured using a 4-point
map technique of individual forces vs. indentation curves on
100 um? of the hMSC cell surface [15, 17].

2.4 | Evaluating the Cytocompatibility and
Immunocompatibility of the Nanocoatings

2.4.1 | Cytocompatibility

The hMSCs post-encapsulation with different SF concentrations
and bilayers were evaluated for cell viability using a Live Dead
assay kit (Invitrogen, Carlsbad, CA, USA) following the manufac-
turer’s protocol. Briefly, the cells were incubated on different days,
1, 3, and 7, with a 2 uM Calcein and 4 pM Ethidium Homodimer
(EthD-1) solution for 30 min in the dark, followed by imaging
using a BX700 Fluorescence Microscope (Keyence Corp., IL,
USA) [26]. Alamar blue assay was carried out to evaluate the cell
proliferation index of the hMSCs at different time intervals post-
encapsulation. The encapsulated cells were incubated with 10%
w/v alamar blue solution (Invitrogen, Carlsbad, CA, USA) for 3 h,
and the fluorescence intensity was measured at 630 nm using a
UV-vis spectrophotometer (ThermoFisher Scientific, Waltham,
MA, USA). The metabolic activity of the nano-encapsulated
cells on day 7 was evaluated using the 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assay kit (Abcam),
following the supplier’s protocol. Briefly, 50 pL of media and
50 puL of MTT solution were added to each well in a 1:1
ratio, and the mixture was incubated at 37°C for 3 h. Follow-
ing this, 150 uL of MTT solvent was added to the respective
wells, and the mixture was shaken in an orbital shaker for 15
min. The absorbance was recorded at 590 nm using a UV-
vis spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA).

2.4.2 | Immunocompatibility

The immunocompatibility of the nanocoatings was evaluated
by using two different cell types: THP-1 Apoptosis-associated
speck-like protein containing Caspase recruitment domain
(THP-1 ASC) and Human Embryonic Kidney 293 cells engi-
neered to express Interleukin 1 beta (HEK-IL-13) reporter
cell lines. Briefly, THP-1 ASC reporter cells (Invivogen, San
Diego, CA, USA) were cultured in Roswell Park Memorial
Institute Medium (RPMI, Gibco, Waltham, MA, USA) supple-
mented with 10% FBS (Gibco, Waltham, MA, USA) and 1%
antibiotic-antimycotic (Gibco, Waltham, MA, USA) [27]. The
cells at passage 4 were seeded in a 48-well plate at a density
of 150 000 cells/mL with phorbol myristate acetate (PMA)
(Sigma-Aldrich, St. Louis, MO, USA) overnight to convert them
into adherent MO macrophages. The MO macrophages were
then treated with 12 mg/mL SF-EDA, SF-COOH, and SF, and
1 ug/mL Lipopolysaccharide (LPS, Sigma-Aldrich, St. Louis, MO,
USA), respectively. They were observed under a fluorescence
microscope for green speck formation at 24 and 72 h. The
media samples from the macrophage culture, post-treatment
with different SF solutions, were collected at 24 and 72 h,
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respectively, and used to culture the HEK-IL-1 reporter cell lines
according to the manufacturer’s protocol. HEK- IL-13 reporter
cell lines (Invivogen, San Diego, CA, USA) were expanded in
complete medium comprising DMEM supplemented with 10%
FBS and 1% antibiotic-antimycotic. The cells at 80% confluency
were seeded overnight in a 96-well plate with 50 uL of THP-1 ASC
media (collected at different time points) and 150 puL of HEK-IL-
18 media. The release of cleaved IL-13 was evaluated using the
QUANTI-blue assay (Invivogen, San Diego, CA, USA) as a func-
tion of released secreted embryonic alkaline phosphatase (SEAP)
by the HEK-IL-18 reporter cell lines, and absorbance was mea-
sured at 630 nm using a UV-spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA).

2.5 | Differentiation Potential of the hMSCs After
Nano-Encapsulation

The hMSCs, post-encapsulation with two different concentra-
tions of SF solutions (1 and 2 mg/mL) in 3 bilayers, were seeded
in a 48-well plate at a density of 20 000 cells/mL in expansion
medium for 72 h, followed by chondrogenic differentiation
medium for the next 14 days. The chondrogenic differentia-
tion medium was comprised of DMEM/F12 (Gibco, Waltham,
MA, USA) supplemented with 1% antibiotic-antimycotic (Gibco,
Waltham, MA, USA), 1% sodium pyruvate (Gibco, Waltham,
MA, USA), 1% HEPES buffer (Gibco, Waltham, MA, USA), 1%
insulin-transferrin-selenium (ITS) + premix (Gibco, Waltham,
MA, USA), 10 ng/mL transforming growth factor beta 3 (TGFf3;
Peprotech, NJ, USA), 10-’M dexamethasone (Sigma Aldrich,
St. Louis, MO, USA), and 0.1 mM ascorbic acid 2-phosphate
(Sigma-Aldrich, St. Louis, MO, USA) [28]. Post 14 days of
differentiation, the cells were fixed with 4% paraformaldehyde
(ThermoFisher Scientific, Waltham, MA, USA), permeabilized
with 0.1% Triton-X100 (Invitrogen, Carlsbad, CA, USA), blocked
using 2% bovine serum albumin (BSA; Invitrogen, Carlsbad,
CA, USA) and then stained with chondrogenic marker colla-
gen type-II primary (COL-II) (Rabbit; 1:200 dilution; Abcam),
aggrecan (ACAN) (Mouse; 1:200 dilution; Abcam), collagen
type-X (COL-X) (Mouse; 1:200 dilution; Abcam) overnight at
4°C. The samples were further stained with secondary anti-
bodies, Alexa Fluor 488 (anti-mouse; 1:250 dilution; Invitrogen,
Carlsbad, CA, USA) and Alexa Fluor 546 (anti-rabbit; 1:250
dilution; Invitrogen, Carlsbad, CA, USA), respectively, followed
by nucleus stain 4’,6-diamidino-2-phenylindole (DAPI; 1:500
dilution; Invitrogen, Carlsbad, CA, USA) and imaged using
a BX-700 fluorescence microscope (Keyence Corp., IL, USA).
A similar procedure was repeated for 3-bilayer and 6-bilayer
nano-encapsulated cells using an optimized SF concentration of
2 mg/mL.

2.6 | Evaluating the Fate of the Nanocoatings in
the Body

The 6 bilayer-coated hMSCs, with 2 mg/mL FITC-labelled SF-
EDA and SF-COOH, were seeded in a 48-well plate at a density
of 100 000 cells/mL and cultured for 72 h. Parallelly, THP-
1 monocytes at a density of 100 000 cells/mL were converted
to MO macrophages using 150 nM PMA overnight. The media
from the 72 h culture of nano-encapsulated cells were then

used to culture the macrophages for 24 h. The potential of
macrophages to phagocytose the nanocoating fragments in the
media was investigated at 4 and 24 h, respectively, using flow
cytometry.

2.7 | Evaluating the Protective Nature of the
Nanocoatings

2.7.1 | Simulated Joint Microenvironmental Stress
Conditions

The cells after encapsulation with 1 and 2 mg/mL of SF-EDA
and SF-COOH solutions and non-coated controls were seeded
in a 96 healthy plate at a cell density of 10 000 cells/well
in expansion medium for 24 h and then changed to different
joint microenvironment stressor mediums for the next 72 h:
(a) Inflammation: 0.05 ng/mL of Interleukin 1 beta (IL-18,
Peprotech, NJ, USA), 0.05 ng/mL of Tumor Necrosis Factor
alpha (TNFa, Peprotech, NJ, USA) and 0.1 ng/mL of Inter-
leukin 6 (IL-6, Peprotech, NJ, USA) [29]; (b) Oxidative stress:
0.1 and 0.5 mM of hydrogen peroxide [30] (H,0,; Sigma-
Aldrich, St. Louis, MO, USA) (c) Protease Stress: 0.01 and
0.05 U of Protease XIV [31] (Sigma-Aldrich, St. Louis, MO,
USA); (d) Hypoxia stress: 0.1 and 0.5 mM of Cobalt Chlo-
ride [32] (CoCl,, Sigma-Aldrich, St. Louis, MO, USA); and
(e) Cocktail: Combination of 0.05 ng/mL of IL-15, 0.05 ng/mL
of TNFa and 0.1 ng/mL of IL-6, 0.5 mM of H,0,, 0.05 U
of Protease XIV and 0.5 mM of CoCl,. After 72 h of post-
treatment, the cells were stained with a Live/Dead assay kit
(Invitrogen, Carlsbad, CA, USA) to assess cell viability, and
cell proliferation was estimated using the Alamar Blue assay
(Invitrogen, Carlsbad, CA, USA). Any inclination toward apop-
tosis post-incubation in the stressor medium was analyzed
using the Lactate Dehydrogenase (LDH) assay (Sigma-Aldrich,
St. Louis, MO, USA) according to the supplier’s instructions.
Briefly, the LDH assay mixture was prepared by mixing equal
volumes of LDH dye solution, LDH substrate solution, and
the cofactor. The freshly prepared LDH assay mixture and
media samples collected from the treated cells were mixed
in a 2:1 ratio in a 96-well plate and incubated in the dark
for 30 min. The absorbance was recorded at 490 nm using a
UV spectrophotometer (ThermoFisher Scientific, Waltham, MA,
USA).

2.7.2 | Simulated Joint Mechanical Stress

The 3- and 6-bilayer nano-encapsulated hMSCs, with opti-
mized 2 mg/mL SF-EDA and SF-COOH ionomers, respec-
tively, along with a non-coated control, were subjected to
mechanical stress using a plate and plate ARES-LS2 rheometer
(TA Instruments) [12]. The cells were placed on the bot-
tom plate, and an 8 mm top plate was used to exert shear
force on the cells at a constant shear strain of 1000% and
shear stress of 1 MPa for 150, 300, and 600 s, respectively,
to mimic the joint mechanical stressor condition. Following
exposure to stress, the cells were assessed for cell viability
and inclination toward apoptosis using Live/Dead staining,
Alamar Blue, and LDH assays, respectively, as described in
Section 2.7.1.
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2.7.3 | Syringe Extrusion

The hMSCs with 3 and 6 bilayer nanocoatings along with non-
coated control were loaded in a 1 mL syringe (BD Biosciences) at
a cell density of 1 million cells/mL and extruded with a 32-gauze
needle (inner diameter: 76 um) using a Harvard PHD 2000 syringe
pump (Harvard Apparatus, Holliston, MA, USA) at a volumetric
flow rate of 150 pL/minute. After extrusion, the cells were
stained with EthD-1 (Invitrogen, Carlsbad, CA, USA) to identify
dead cells, followed by imaging under a BX-700 fluorescence
microscope (Keyence Corp., IL, USA). The extruded cells were
incubated for 2 h post-extrusion and then quantified for cell sur-
vival using an Alamar blue (Invitrogen, Carlsbad, CA, USA) assay.

2.8 | Developing a Cytokine-Immobilized
Nanocoating for Immunomodulation

2.8.1 | Anti-Inflammatory Coated Human Chondrocytes
Promote Re-Polarization of Pro-Inflammatory M1
Macrophages to a Healing M2 Phenotype

The human chondrocytes (ScienceCell, Carlsbad, CA, USA)
were expanded in DMEM high glucose + Glutamax (Gibco,
Waltham, MA, USA) supplemented with 10% FBS, 1% antibiotic
antimycotic, 1% HEPES buffer and 1% sodium pyruvate. The cells
at passage 2 were used for nanoencapsulation. Briefly, cells at a
density of 1 million/mL were initially encapsulated with 2 mg/mL
SF-EDA and SF-COOH solutions for 6 bilayers and evaluated
for stability (FITC labeling and fluorescence microscopy) and
cytocompatibility (Live/Dead and Alamar Blue) over 7 days (as
described in sections 2.3.1 and 2.4.1 respectively).

The THP-1 monocytes were seeded at a density of 150 000
cells/mL into each 48-well plate and converted to adherent MO
macrophages using 150 nM PMA [33]. The MO macrophages
were then polarized into pro-inflammatory M1 macrophages by
supplementing the media with 50 ng/mL Interferon gamma
(IFNy) + 100 ng/mL LPS for 72 h. The conversion of MO to M1 was
validated by staining with pro-inflammatory M1 marker CD86.
The chondrocytes were encapsulated with 2 mg/mL of 3- and
6-bilayer anti-inflammatory coatings comprising SF-EDA and SF-
COOH, immobilized with 500 ng/mL IL-1Ra, 50 ng/mL IL-4,
and 50 ng/mL IL-13. The anti-inflammatory coated chondrocytes
were incubated in hypertrophic differentiation medium for 7
days [25] and evaluated for the onset of chondrocyte hypertrophy
by immunostaining of chondrocyte hypertrophy markers, COL-
X and runt-related transcription factor 2 (RUNX2), similarly as
described in Section 2.5. The chondrocytes post-encapsulation
was co-cultured with the pro-inflammatory M1 macrophages and
incubated for 72 h, allowing the M1 macrophages to re-polarize to
M2. The M2 repolarization was confirmed by co-staining the cells
with M1-specific marker CD86 and M2-specific marker CD206
and calculating the M1/M2 ratio using ImageJ software.

2.8.2 | Coating-Directed Polarization of MO
Macrophages Polarization

The SF-EDA and SF-COOH cationic and anionic ionomer
solutions were immobilized with pro- and anti-inflammatory

cytokines to ensure in situ macrophage polarization from the
localized delivery of the cytokines to the cells. A combination
of cytokines has been initially optimized to induce the optimal
conversion of macrophage phenotypes from the neutral MO phe-
notype, balancing both anti-inflammatory and pro-inflammatory
effects. The technical details of the cytokines have been enlisted
in Figure S1. The THP-1 monocytes (ATCC, Manassas, VA, USA)
were initially expanded in RPMI medium (Gibco, Waltham, MA,
USA) supplemented with 10% FBS and 1% antibiotic-antimycotic
and then polarized to adherent MO macrophages by supplement-
ing the expansion medium with 150 nMm PMA overnight. The
MO macrophages were then conditioned with anti-inflammatory
cytokine cocktails (500 ng/mL Interleukin 1 receptor antagonist
(IL-1Ra, Peprotech, NJ, USA) + 50 ng/mL IL-4 (Peprotech, NJ,
USA) + 50 ng/mL IL-13 (Peprotech, NJ, USA)) for 72 h for
M2 polarization. The MO macrophages were also conditioned
with a pro-inflammatory cytokine cocktail (50 ng/mL of IFNy
(Peprotech, NJ, USA) + 100 ng/mL LPS (Sigma Aldrich, St.
Louis, MO, USA)) for 72 h for M1 polarization. After 72 h
incubation, the cells were fixed with 4% paraformaldehyde,
permeabilized with 0.1% Triton X-100, and blocked with 2% BSA.
The cells were then stained with CD206 (Rabbit; 1:200 dilution;
Abcam) and CD86 (Mouse; 1:200 dilution; Abcam) primary
antibodies, followed by Anti-rabbit Alexa 546 (1:250 dilution;
Invitrogen, Carlsbad, CA, USA) and anti-mouse Alexa Fluor
488 (1:250 dilution; Invitrogen, Carlsbad, CA, USA) secondary
antibodies and DAPI (1:500 dilution; Invitrogen, Carlsbad, CA,
USA), and imaged in a BX-700 fluorescence microscope (Keyence
Corp. IL, USA). Once polarization was confirmed, the optimized
concentration and combination of anti-inflammatory and pro-
inflammatory cytokines were immobilized into each SF-EDA
and SF-COOH ionomer solution before nano-encapsulation. The
neutral MO macrophages were then trypsinized and encapsu-
lated with anti-inflammatory and pro-inflammatory coatings at
a density of 1 million cells/mL, and incubated for 72 h. The
polarization of the neutral MO macrophages to pro-inflammatory
M1 and anti-inflammatory M2 has been confirmed through
immunostaining with respective M2-specific (CD206 (Rabbit;
Abcam; 1:200 dilution) and Arginase (Rabbit; Abcam; 1:200
dilution) and M1-specific markers CD86 (Mouse; Abcam; 1:200
dilution) and iNOS (Mouse; Abcam; 1:200 dilution). From
here, ‘anti-inflammatory coating’ refers to the anti-inflammatory
cytokine-embedded ionomers, ‘inflammatory coating’ refers to
the pro-inflammatory cytokine immobilized ionomers and ‘stan-
dard coating’ refers to the general SF-EDA and SF-COOH
ionomers.

2.8.3 | Coating-Directed Polarization of Macrophages
and THP-1 ASCs

The THP-1 ASCs were expanded as described in Section 2.4.2.
The cells, at a density of 1 million/mL, were encapsulated
with the pro-inflammatory nanocoating (as described in Sec-
tion 2.8.1) and incubated for 72 h. The cells were imaged for
green fluorescence speck formation at 24 and 72 h, respectively,
using a BX-700 fluorescence microscope (Keyence Corp., IL,
USA). The secreted cleaved IL-15 was quantified using media
samples collected at 24 and 72 h, and HEK-IL-18 reporter cell
lines were used following the QUANTI-Blue assay (described in
Section 2.4.2).
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2.8.4 | Immunomodulatory Effect of the
Anti-Inflammatory Coated MO Macrophages on the
Inflammatory Synovial Fibroblasts

Human synovium from healthy donors was obtained from
the Musculoskeletal Transplant Foundation (MTF, Edison, NJ,
USA), where the tissue collection was deemed exempt from IRB
review. The explants were trimmed of excess adipose and outer
capsule tissue before digestion and cell isolation. The explants
were then digested in collagenase solution for 5 h, filtered
and plated. The cells were expanded in Minimum Essential
Medium- alpha modification (a-MEM) supplemented with 10%
FBS, 1% antibiotic antimycotic and 5 ng/mL FGF-2 [34]. The
cells at passage 2 were seeded at a density of 50,000 cells/mL
in a 48-well plate and incubated with 0.01 pg/mL IL-18 for
72 h to induce inflammation. The anti-inflammatory coated MO
macrophages (IL-4 + IL-13 + IL-1Ra) were directly seeded on
the inflammatory synovial fibroblasts and incubated for another
72 h. The synovial fibroblasts were stained for arthritic syn-
oviocyte marker a-smooth muscle actin (a-SMA; Abcam; 1:200
dilution), and the media samples were collected for quantifying
the cleaved IL-18 secretion by initially culturing with HEK-IL-13
reporter cell lines, followed by QUANTI-Blue assay by measur-
ing the secreted embryonic alkaline phosphatase (described in
Section 2.4.2).

2.9 | Effect of Nanocoatings on 3D Cell Aggregates

Human MSCs were expanded till passage 2 (as described in Sec-
tion 2.2) for spheroid formation. Briefly, the cells were trypsinized
at 80% confluency and counted for seeding into an ultra-low
adherence 96 U-bottom plate (Nunclon, ThermoFisher Scientific,
Waltham, MA, USA) at a cell density of 10 000 and 20 000
cells/mL [9]. The cells were allowed to grow for 72 h and observed
under a bright-field microscope (EVOS) for the formation of rigid
spheroids.

2.9.1 | Nanoencapsulation of Spheroids

The 10 000 and 20 000 cell/mL spheroids were encapsulated
with 2 mg/mL 6 bilayer SF-EDA (FITC-labelled) and SF-COOH
ionomers following a similar protocol mentioned in Section 2.2
with minor modifications. Briefly, the media from the wells were
removed, and the spheroids were washed with HD50 buffer for
2 min. The spheroids were then incubated in FITC-labelled SF-
EDA ionomer solution for 2 min in an orbital shaker and washed
with HD50 buffer. The orbital shaker allows for homogeneous
coating deposition on the spheroid’s surface. The spheroids were
then incubated with the SF-COOH solution in an orbital shaker
and washed again with HD50 buffer to complete 1 bilayer. The
previous steps were repeated 5 times to deposit a 6-bilayer coating
on the spheroid surface.

2.9.2 | Evaluating the Coating Stability and Viability of
the Spheroids Post-Encapsulation

For assessing the stability of the nanocoatings, the FITC-labelled
ionomer-coated spheroids were stained with phalloidin (1:400

dilution; Invitrogen, Carlsbad, CA, USA) and DAPI (1:500 dilu-
tion; Invitrogen, Carlsbad, CA, USA) and imaged using a TCS SP8
Confocal microscope (Leica Microsystems, Wetzlar, Germany) at
days 1 and 7, respectively, for both 10 000 and 20 000 cells/mL
spheroids. Representative fluorescence images were captured
using an Asylum Research MFP-3D-Bio AFM microscope to show
the deposition of the ionomers. To compare the stability of the
nanocoatings on single cells vs. spheroids, the FITC-labelled
SF-EDA and SF-COOH coated spheroids and single cells were
seeded at the same cell density in a 96 flat-bottom (Nunc) and
96 U-bottom plates (Nunclon, ThermoFisher Scientific, Waltham,
MA, USA), respectively. The media samples at days 1, 3, and 7
were collected from both the experimental groups and the fluo-
rescence intensity was recorded using a UV spectrophotometer
(ThermoFisher Scientific, Waltham, MA, USA) (4,,: 495 nm; A,
519 nm). The hypothesis lies in the lower fluorescence intensity
values corresponding to a reduced quantity of FITC in the media
samples, hence, a more stable coating on the spheroid surface.
The viability of the spheroids after encapsulation was evaluated
using the Alamar Blue assay.

2.9.3 | Evaluating the Protective Nature of the
Nanocoatings From Microenvironmental Stress and
Inflammatory Immune Cell Attack

The 6-bilayer nanocoated spheroids were incubated in a cock-
tail stress medium for 72 h, and the protective nature of
the nanocoating was evaluated using Alamar Blue and LDH
assays as described in Section 2.7.1. The infiltration of the pro-
inflammatory immune cells into the 3D cell aggregate was
initially achieved by labelling the macrophages with a fluorescent
red dye. Briefly, the THP-1 monocytes were converted to MO
macrophages with 150 nM PMA, followed by polarization into
pro-inflammatory M1 macrophages using 50 ng/mL IFNy and
100 ng/mL LPS for 72 h. The M1 macrophages were then
trypsinized and labeled with Vybrant Multicolor Cell-Labeling
Kit (Invitrogen, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. Briefly, 5 uL of dye solution was added per 1
million cells, followed by incubation at 37°C for 30 min. The
cells were then washed twice with THP-1 expansion medium.
The labelled M1 macrophages were then added to the 6-bilayer
nano-encapsulated spheroids at a density of 20 000 cells/mL and
incubated for 7 days. The macrophage-nanocoated spheroid co-
culture system was imaged at different time points using a laser
scanning TCS SP8 confocal microscope (Leica Microsystems,
Wetzlar, Germany).

2.10 | Developing a Tunable Tyramine-Substituted
Ionomer (SF-EDA-TA) for Enhanced Stability

2.10.1 | Ionomer Synthesis

The tyramine-substituted SF-EDA ionomer solution (SF-EDA-
TA) was synthesized as described in Section 2.1 with minor
modifications. The cationic ionomer was prepared by reacting
native 2% 60 min-boiled SF solution with EDA (0.25 g for 1 g of
SF) and tyramine hydrochloride (TA) (0.25 g for 1 g of SF) in 1:1
ratio using EDC (84 mg for 1 g of SF) and NHS (57 mg for 1 g of SF)
in 0.05M MES buffer (pH 6.0) at RT for 18 h. The solution was then
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dialyzed in DI water for 5 days in a dialysis tube (MWCO: 3.5 kDa)
with 10 water changes. The final solution was centrifuged twice
at 9000 rpm for 20 min to remove aggregates, frozen at —80°C,
lyophilized, and the powders were stored at —20°C until further
use.

2.10.2 | Characterization of the SF-EDA-TA Ionomer

The Fourier Transform Infra-red spectroscopy (FTIR) was per-
formed using a JASCO FTIR 6200 spectrometer (JASCO, Tokyo,
Japan) to determine and compare the secondary structure con-
formations in SF-EDA and SF-EDA-TA ionomers. A total of 64
scans were carried out with a resolution of 4 cm™ per scan,
spanning the range from 400 to 4000 cm™. The percentage beta
sheet content was calculated using the Fourier self-deconvolution
method (Lorentz deconvolution) between 1616 and 1637 cm™
using Origin 2020 (OriginLab, Northampton, MA). 'H NMR was
also performed to confirm the chemical modification of SF-
EDA with the tyramine substitution. The lyophilized samples
were reconstituted in deuterated water (D20), transferred to a
'H NMR tube, and measured using a 500 MHz Bruker NMR
spectrometer. The data analysis was carried out using Top Spin
3.6.1 software. For zeta potential measurement, the SF-EDA and
SF-EDA-TA lyophilized samples were reconstituted in distilled
water at a concentration of 5 mg/mL and measured using
NanoBrook ZetaPALS (Brookhaven Instruments, Holtsville, NY,
USA). The corresponding zeta potential values were calculated
using the Smoluchowski model [14]. Sodium dodecyl sulfate Poly-
acrylamide gel electrophoresis (SDS-PAGE) was used to estimate
the change in the molecular weight of SF-EDA post-substitution
with TA. Briefly, 1% SF-EDA-TA and SF-EDA solutions were
mixed with LDS buffer (Invitrogen, Invitrogen, Carlsbad, CA,
USA; NuPAGE) and a reducing agent, and then heated at 70°C
for 10 min before being loaded into the wells, along with the
reference ladder (Invitrogen, Carlsbad, CA, USA; Pre-Stained
Protein Standard). The gel was run in 1X MES buffer at 200 V
for 30 min and stained as previously described [35]. Briefly, the
gels were incubated in fixing solution for 10 min, followed by
staining solution A for an additional 10 min and staining solution
B for 3 h. The gel was rinsed with ultrapure distilled water before
being washed overnight and imaged. The gel was imaged in a gel
imager, and the corresponding molecular weight was calculated
using ImageJ software [35]. The water contact angle (WCA)
was measured by drop-casting 5% w/v SF-EDA and SF-EDA-TA
biopolymer solutions on a glass slide and allowing for overnight
drying before water annealing the films for 4 h at a constant
vacuum (—25 inHg or —85 kPa) to achieve water stability. The
corresponding contact angle was measured using a goniometer
with a 10 pL water drop [36].

2.10.3 | Stability and Cytocompatibility of the
SF-EDA-TA Nanocoatings on Stem Cells and Immune Cells

The SF-EDA-TA solution was previously labeled with
Rhodamine-B-isothiocyanate (RBITC) using a protocol similar
to that for FITC labeling (Section 1.2). The hMSCs and THP-
1 cells were encapsulated with 2 mg/mL of RBITC-labelled
SF-EDA-TA and SF-COOH up to 6 bilayers at a density of 1
million cells/mL. The encapsulation was carried out using

two protocols: a) crosslinked and b) non-crosslinked. The
introduction of crosslinking using the horseradish peroxidase
(HRP) enzyme and H,0, into the tyramine-substituted SF-EDA
was hypothesized to enhance the stability of the coating by
forming di-tyrosine bonds [37]. For the crosslinked coating
protocol, the SF-EDA-TA ionomer solution was mixed with 10
U/mL HRP and 0.001% H,O, and incubated at 37°C for 2 h
before nano-encapsulation. The persistence of the nanocoating
on the cell surface was assessed by imaging under the BZ-X700
fluorescence microscope (Keyence Corp., IL, USA) at days 1,
3, and 7. The viability of hMSCs and THP-1 cells post-coating
with SF-EDA-TA was evaluated using corresponding live/dead
staining and Alamar Blue assays, respectively, on days 1, 3, and 7.

2.10.4 | Stability of the SF-EDA-TA Coating in 3D
Aggregates

The hMSCs were coated using 2 mg/mL crosslinked RBITC-
labelled SF-EDA-TA for 6 bilayers. The coated cells were then
seeded at a density of 20 000 cells/mL in an ultra-low attach-
ment 96-well U-bottom plate (Nunclon, ThermoFisher Scientific,
Waltham, MA, USA) to form spheroids. The spheroids were then
imaged using a laser scanning TCS SP8 confocal microscope
(Leica Microsystems, Wetzlar, Germany) at days 1, 3, and 7
to assess the stability of the coatings on the cell surface, and
the corresponding fluorescence intensity was calculated using
Imagel.

2.11 | Statistical Analysis

One-way analysis of variance (ANOVA) with Tukey’s post-hoc
multiple comparison tests was carried out to compare among
more than two experimental groups, whereas an independent
non-parametric ¢-test was employed when comparing between
two groups using GraphPad Prism 8 (GraphPad Software) to
estimate the statistical significance (*p < 0.05, **p < 0.01 and
***p < 0.001). All experiments were conducted in independent
sample replicates (n > 3), and the quantitative data are presented
as mean =+ standard deviation. The % cytocompatibility (Alamar
blue) and MTT assay results have been normalized to non-coated
control to evaluate the effect of nanocoating on cell proliferation
and metabolic activity. All the % cell viability (Alamar blue
assay) results have been normalized to non-coated control and
3-bilayer and 6-bilayer nanocoated controls without exposure to
microenvironment and biomechanical stressors to quantify the
protective function. GraphPad Prism 8 software has been used for
graph plotting whereas ImageJ software has been used for image
processing and quantification.

3 | Results and Discussion

3.1 | Silk Ionomer Nanocoatings did not Alter
hMSCs’ Functions

The SF-EDA and SF-COOH ionomer-based nanocoatings pro-
vided an additional layer of temporary protection to the hMSCs
by creating an artificial cell wall (Figure la,b). The 2 mg/mL
demonstrated enhanced stability as a cell coating compared to
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FIGURE 1 | The layer-by-layer deposition of silk ionomer nanocoating preserved the viability, proliferation, metabolic activity and differentiation
potential of hMSCs. (a) Chemical synthesis of the cationic and anionic silk ionomers through carbodiimide and diazonium chemistries, (b)
Nanoencapsulation mechanism of LBL deposition of the cationic and anionic silk ionomers on the cell surface, (c) Fluorescence microscopy images
demonstrating the stability of the nanocoatings on the cell surface up to 72 h with further aggregation at 168 h (day 7) (Scale bar: 100 um), (d) SEM
micrographs illustrating the successful deposition of nanocoating on the cell surface (Scale bar: 2 um), (e) Topographic image of non-coated control
(Scale bar: 4 um), 3-bilayer and 6-bilayer (Scale bar: 6 pm) nanocoated MSCs using contact mode of AFM, (f) Bar graph comparing the Young’s modulus
of the 3-bilayer and 6-bilayer nanocoated hMSCs with the non-coated control until day 7(*p < 0.05, **p < 0.01 and ***p < 0.001), (g) Live/dead imaging
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1mg/mL for up to 72 h, with the formation of fewer cell aggregates
and slower detachment from the cell surface (Figure S2). Further-
more, the 1 and 2 mg/mL bilayer coatings did not affect the overall
cell viability, proliferation (Figure S3), or differentiation (Figure
S4) of the hMSCs post-encapsulation, while protecting the cells
from various environmental stresses (Figure S5). Thus, 2 mg/mL
of silk ionomer was chosen to encapsulate the cells with 3 and
6 bilayers, respectively, for all further downstream experiments.
The fluorescence microscopy images revealed that the coatings
persisted on the cell surfaces for 72 h (Figure 1c), with the 3-
bilayer coating disengaging faster than the 6-bilayer coating. The
faster detachment of the 3-bilayer nanocoating compared to the 6-
bilayer coating at 168 h can be primarily attributed to weaker elec-
trostatic interactions resulting in a less compact, mechanically
fragile network prone to premature disengagement. Additional
factors, like hydration dynamics [38], protein corona formation
on the silk surface, [39-41] or matrix metalloproteases (MMP-
1/13) secreted by hMSCs [42], can accelerate the nanocoating
degradation on the cell surface. SEM micrographs demonstrated
a flaky deposition of random coil-like silk fibres covering the
cell surface with no visible cellular projections in the 3,6, and 10
bilayer-coated hMSCs (Figure 1d (red arrows)). This is in line with
the nanocoating studies on neural stem cells and 1929 fibroblast
cell surfaces [14, 43]. In contrast, strong adherence and cellular
extensions have been observed in the non-coated controls. The
approximate dimensions of the cells were measured from the
SEM micrographs, indicated a decrease in size with an increase
in bilayer deposition from 156.89 + 13.06 um in the non-coated
control, 134.88 + 23.42 um for 3-bilayer, 125.36 + 15.91 um for 6-
bilayer and 113.13 + 31.76 um for 10-bilayer samples (Figure S6).
However, there is no statistical significance between the different
non-coated and nanocoated groups. The SEM micrographs of
the encapsulated cells morphologically showed the formation of
cellular bridges (Figure 1d (yellow arrows), with neighbouring
cells exhibiting no inhibition of cell-to-cell connections [44,
45]. AFM nanoindentation measurements showed a significant
increase in elastic modulus between the coated and the non-
coated cells, with no significant difference in elastic modulus
between 3 (263.92 + 6.1 kPa) and 6 bilayers (275.97 + 9.23 kPa)
(Figure 1e,f). Therefore, it can be inferred that encapsulating the
cells with the SF-EDA and SF-COOH ionomers increased the
overall stiffness of the cells. However, increasing the number of
bilayers above 3 had no significant effect on stiffness, a similar
observation to that for nanocoated THP-1 cells [15]. The plateau
could be attributed to the stabilization of the coating, with no
increase in layer thickness, and structural loosening due to poor
electrostatic interaction caused by charge stabilization after 5
bilayers. Such an elastic modulus of the surrounding nanocoating
is suitable for chondrogenic differentiation of the stem cells.
While an increase in the number of coating bilayers would
intuitively suggest a larger apparent cell dimension, the reduction
in surface height observed in the 6-bilayer group likely reflects
interpenetration and densification of adjacent SF-ionomer layers
during sequential deposition. The repeated layering process

promotes enhanced f-sheet formation, which increases coat-
ing stiffness and structural order through extensive hydrogen
bonding [46]. This transition from a more hydrated, amorphous
structure (3-bilayer) to a compact, crystalline network (6-bilayer)
result in a mechanically rigid, thinner shell. Such densification
can also mechanically constrain the plasma membrane, limiting
osmotic expansion and inducing mild cytoskeletal compaction
[47, 48]. Together, these effects account for the smaller apparent
cell dimension with the 6-bilayer coating in the AFM topography.
Following conformation of nanocoating deposition and stability,
the immediate step would be to observe how the nanocoating on
the cell surface influences the cytocompatibility with the hMSCs.

A preliminary finding for the SF-based nanocoating system was
its non-interference with the viability, proliferation and metabolic
activity of the stem cells. The live-dead micrographs showed a
negligible effect of nanoencapsulation on the viability of hMSCs,
displaying a spherical morphology compared to the non-coated
cells with a spindle appearance (Figure 1g). [48, 49] The 6-bilayer
coating resulted in a reduction in cytocompatibility (measured
as a function of cell proliferation using Alamar blue) (66.32%
+ 17.14%) compared to the 3-bilayer (92.62% + 19.98%) until
day 3 of culture, beyond which the proliferation rate increased
significantly (Figure 1h). However, the metabolic activity of the
nano-encapsulated hMSCs was not compromised for 3 (85.97%
+ 6%) and 6-bilayers (84% + 7.49%) at day 7 (Figure 1i). Hence,
the 6-bilayer encapsulation caused a decrease in the proliferation
capacity of the hMSCs but maintained the metabolic activity of
the cells, a characteristic feature of G, or quiescent cells [49]. Our
data indicate that during the 72-h persistence of the nanocoating,
cell proliferation is transiently suppressed but fully recovers
once the coating begins to disengage (Figure 1h). This transient
quiescence likely reflects a mechanically induced growth-arrest
state rather than canonical G, entry. The SF-ionomer coating
forms a conformal, non-adherent shell that restricts integrin
engagement and cytoskeletal tension, both of which are essential
for cell cycle progression. [50] as illustrated in Figure S7. Such
loss of adhesion signaling has been reported to downregulate
cyclins and sustain cells in a G,-like, metabolically active but
non-dividing condition until mechanical constraints are released
[51]. Once the coating sheds after ~72 h, restored matrix contact
reactivates proliferation, consistent with our observed recovery by
day 7. Additionally, some cellular aggregation has been observed
for the 6-bilayer nanocoated hMSC group from day 3, which
further increased at day 7, significantly reducing the proliferation
potential of the cells due to contact inhibition and necrotic core
formation.

However, a 14-day chondrogenic differentiation induction study
was conducted next to evaluate whether the early coating phase
(~72h), during which cell-matrix interaction is inhibited, impacts
the chondrogenic differentiation of hMSCs. The 3- and 6-bilayer
coated hMSCs, when incubated with chondrogenic differentia-
tion medium for 14 days post-encapsulation, demonstrated suc-

showing the viability of the hMSCs post nano-coating (Scale bar: 100 um), (h) Quantification of cell proliferation after nanoencapsulation at days 1, 3

and 7 using Alamar blue assay (*p < 0.05, **p < 0.01 and ***p < 0.001)(normalized to the non-coated control Alamar blue data), (i) Quantification of
metabolic activity of the hMSCs post 3 and 6-bilayer nanocoating at day 7 (*p < 0.05, **p < 0.01 and ***p < 0.001))(normalized to the non-coated control
Alamar blue data), and (j) Intact differentiation potential of the hMSCs post-nanocoating (Scale bar:100 um).
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cessful chondrogenic differentiation. This is supported marked
expression of hyaline cartilage marker COL-II and ACAN and
downregulated expression of the hypertrophic marker COL-X,
akin to the non-coated control hMSCs (Figure 1j). Furthermore,
chondrogenic differentiation requires long-term culture (a mini-
mum of 14 days) to express cartilage-specific markers (COL2Al,
ACAN, SOX9) [25]. Therefore, the nanoencapsulation process
did not significantly impair the viability, proliferation, metabolic
activity, and differentiation characteristics of the hMSCs, a
key requirement for effective cell therapy. However, it is also
important to analyze how these cell-friendly silk nanocoatings act
as a protective armour when administered in an inflammatory,
hypoxic, protease-rich, oxidative OA niche.

3.2 | Ionomer Shells Shielded hMSCs Against
Catabolic and Biomechanical Stressors of the Knee
Joint

3.2.1 | Catabolic Stress

The OA milieu in the knee joint in vivo is comprised of a
combination of microenvironmental stressors. This includes pro-
inflammatory cytokines (IL-13, TNFa, IL-6) secreted by the M1
macrophages and inflamed synovial fibroblasts, oxidative stress
generating reactive oxygen species (ROS), proteases released by
the pro-arthritic chondrocytes and the overall hypoxic microen-
vironment of hyaline cartilage [52, 53]. Therefore, any cells
delivered to the osteoarthritic knee joint may enter senescence
or undergo complete apoptosis, rendering the ‘cellular therapy’
options futile. Hence, to achieve an efficient outcome with stem
cell therapy, the hMSCs must be viable, proliferate and avoid
apoptotic outcomes due to the influence of the inflammatory OA
niche. The shielding effect of the nanoencapsulation against these
stressors was evaluated by mimicking the OA-like conditions in
vitro using a combination of chemicals and cytokines (Figure 2a).

3.21.1 | Inflammation. Inflammation plays a key role in
the progression of OA, characterized by an increased release
of pro-inflammatory cytokines and chemokines. Post-incubation
in an in vitro inflammatory stress medium, the nanocoated
cells demonstrated enhanced cell viability compared to the non-
coated control (Figure S8). The 6-bilayer nanoencapsulated cells
demonstrated enhanced cell viability (Figure 2b; Figure S10),
and lower LDH release (Figure 2c; Figure S11) compared to the
3-bilayer and the non-coated control. Therefore, the 6-bilayer
coating effectively demonstrated a barrier effect against the
infiltration of inflammatory macromolecules, thereby inhibiting
progression toward apoptosis, a crucial checkpoint for successful
cell therapy.

3.2.1.2 | Proteases. Degeneration of the articular cartilage
extracellular matrix by the protease secretome of native articular
chondrocytes is central to the aetiology of OA [53]. Addi-
tionally, as the ionomer coatings on the cells comprise the
SF coating, it is also important to evaluate the stability and
the protective nature of the nanocoatings against proteolytic
stress. The nano-encapsulated cells (3 and 6-bilayer) displayed
improved cell viability across both concentrations compared to
the non-coated controls (Figure S8). Among the nanoencapsu-
lated groups, the 6-bilayer-coated hMSCs displayed increased

% cell viability (cell proliferation) (Figure 2b; Figure S10), and
membrane integrity (Figure 2c; Figure S11) compared to the 3-
bilayer-coated cells. Therefore, deposition of more ionomer layers
on the cell surface enhanced barrier protection from proteolytic
stress, presumably due to the more resilient protective layer delay-
ing the proteolytic degradation and dissipation of the ionomer
shells.

3.2.1.3 | Oxidative Stress. Oxidative stress plays a significant
role in the pathophysiology of knee OA, marked by a dispropor-
tionate increase in the production of ROS [54] causing significant
damage to the cell membrane, lipoproteins, and intracellular
nucleic acids. Thus, when stem cells are delivered into an OA
microenvironment, they must withstand the oxidative stress
and further differentiate into chondrocytes without undergoing
senescence or apoptosis. The 6-bilayer coating efficiently pre-
served the viability of the stem cells, more so than the 3-bilayer
and the non-coated cells, even when primed with 500 um of
H,0, (Figure S8). A similar trend was also observed for cellular
proliferation and LDH release in the 6-bilayer system compared
to the 3-bilayer and non-coated controls in the 500 uM oxidative
stress medium, indicating elevated % living cells (Figure 2b;
Figure S10) with strong cell membrane integrity (Figure 2c; Figure
S11). Therefore, nano-encapsulation protected the stem cells
from senescence and subsequent apoptosis caused by oxidative
stress, which is essential for successful cartilage regeneration in
degenerated tissues.

3.2.1.4 | Hypoxia. Hypoxia is a direct catabolic regulator
in OA pathogenesis through the active secretion of pro-
inflammatory chemokines, cyclooxygenase 2 (Cox2), and
prostaglandins, facilitated by signaling crosstalk with the
inflammatory Nuclear factor kappa B (NF-xB) pathway, as
well as promoting metabolism and ECM secretion during
chondrogenesis [55, 56, 57]. Therefore, nanoencapsulation
should safeguard the cells from hypoxia-induced cell death and
subsequently promote healthy cell survival, proliferation and
differentiation. The non-coated hMSCs demonstrated almost no
survival and decreased viability in the hypoxic microenvironment
(Figure 2b,c), as validated by the abundance of dead cells (Figure
S9), relatively low % cell viability (Figure S10), and increased LDH
release, indicating loss of membrane integrity (Figure S11). In
contrast, the nano-encapsulated hMSCs demonstrated a higher
survival rate with increased cellular proliferation (increased
% cell viability) (Figure 2b; Figure S10) and lower apoptosis
(Figure 2c; Figure S11) with 6-bilayer displaying better advantage
over 3-bilayers. Thus, increased ionomer shell layers successfully
inhibited the diffusion of cobalt chloride from the surrounding
culture media into the cells to induce hypoxia-induced cell
death, thus effectively demonstrating barrier-function against
microenvironmental stress.

3.2.1.5 | Cocktail (Inflammation + Protease + Oxidative
Stress + Hypoxia). In vivo OA knee joint microenvironment
is a blend of inflammation by cytokines and chemokines, ROS,
secreted matrix proteases and an extremely hypoxic microen-
vironment. When the nano-encapsulated hMSCs were primed
with the in vitro cocktail stress media conditions for 72 h,
the 6-bilayer coating demonstrated superior protective functions
compared to the 3-bilayer and non-coated control cells. This
result included significantly improved cell viability (Figure 2d),
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FIGURE 2 | The protective role of increasing layer thickness in shielding the coated hMSCs against OA microenvironmental and biomechanical
stressors, (a) Graphical representation of the experimental overview to evaluate the efficacy of nanocoating strategies in protecting the cell against
OA stress signals, (b) Heat map representing the LDH release profile of the 3 and 6-bilayer coated hMSCs post 72 h incubation in OA-mimicking
catabolic stress media (INFL: Inflammation media, OS: Oxidative stress media, PS: Protease stress media, Hyp: Hypoxia stress media), (c) Heat map
representing the Alamar blue intensity profile of the 3 and 6-bilayer coated hMSCs post 72 h incubation in OA-mimicking catabolic stress media, (d)
Live/dead micrographs showing the viability of nano-encapsulated hMSCs incubated in 72 h cocktail stress media (Combination of 0.05 ng/mL of IL-13,
0.05 ng/mL of TNFa and 0.1 ng/mL of IL-6), 0.5 mM of H,0,, 0.05 U of Protease XIV and 0.5 mM of CoCl,) (Scale bar: 100 um), (e) Live/dead micrographs
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enhanced cell viability (cell proliferation) (Figure 2b; Figure
S10), and a decreased tendency toward apoptosis as a function
of loss of membrane integrity, measured using the LDH assay
(Figure 2c; Figure S11). Thus, the increase in ionomer shell layers
around the cells subsequently protected the cells from severe OA
microenvironmental stress by resisting proteolytic degradation
for 72 h and limiting the diffusion of catabolic stressors into the
cells, thereby preventing cellular apoptosis.

3.2.2 | Biomechanical Stress

The knee joint in the human body is subjected to constant
mechanical loading, serving as a crucial element of the human
locomotion system [58]. There is an increased prevalence of
shear strain over compressive strain at the osteochondral inter-
face, making it a significant indicator of the mechanobiological
response of resident cells to surrounding shear stimuli [59, 60].
Thus, the transplanted cells must adapt to the mechanical stimuli
in the knee joint without impairing cell viability (Figure 2a).
The 6-bilayer nanocoating preserved the viability of the hMSCs
after being subjected to mechanical stress for 150, 300, and
600 s, respectively, compared to the 3-bilayer and non-coated
controls (Figure 2e). This was further observed in the significant
increase in % cell viability (as a function of cell proliferation)
in the 6-bilayer nanoencapsulated hMSCs compared to the non-
coated and 3-bilayer nanocoated cells. (Figure 2f). The loss in
membrane integrity measured as a function of LDH release was
also minimized in the encapsulated groups for all experimental
conditions compared to the non-coated control, with the 6-
bilayer overpowering the 3-bilayer group (Figure 2g). Therefore,
the strong persistence of the silk ionomer nanoencapsulation
around the cells for 72 h, along with its delayed dissipation
and increased bilayers, acted as a mechano-resilient barrier
against shear conditions, while maintaining cellular health and
membrane integrity.

3.2.3 | Extrusion Shear Stress

During local or intravenous transplantation, cells experience high
shear and extensional stresses as they pass through narrow-
gauge needles, often leading to membrane rupture, apoptosis,
and reduced therapeutic efficacy [61]. Therefore, the purpose
of the syringe extrusion experiment was to simulate these
mechanical challenges in vitro and determine whether the
3- and 6-bilayer SF-ionomer nanocoatings could preserve cell
integrity and viability under clinically relevant flow conditions
(32-gauge needle, 150 pL/minute). The Ethd-1 staining post-
extrusion of the encapsulated and the non-encapsulated cells
demonstrated significant cell death in the non-coated control
group, whereas few dead cells were observed in both ionomer-
coated groups as shown in Figure S12. Alamar blue quantification

(measuring the % cell viability) also revealed elevated % cell
viability in the 6-bilayer coated hMSCs (Figure S12). Low shear
can influence stem cell differentiation. [62, 63] While polymeric
coatings shield the cells from direct shear stress, high-viscosity
polymers generally induce elevated shear stress on cells, which
can impair cellular integrity and post-transplantation functions
[64]. In contrast, these low-concentration SF-multilayer coatings
avoided the negative influence of shear stress while main-
taining the membrane stability and metabolic activity of the
hMSCs.

A major roadblock to stem cell therapy in OA lies in the
altered phenotype of chondrogenically differentiated hMSCs,
which is caused by the prevalent inflammatory and elevated ROS-
rich environment. Therefore, in the current study section, we
demonstrated how the LBL nanoencapsulation of hMSCs with
silk ionomers provided a combined protective shield against in
vitro OA-mimicking catabolic and biomechanical stressors, while
also defending against the shear stress generated by injections.
Such protection will aid in neo-articular cartilage regeneration
when transplanted in an in vivo osteoarthritic knee joint with-
out drifting toward hypertrophic differentiation. Although, the
silk ionomer-based hMSC nanoencapsulation did not alter cell
functioning while being protective against harsh OA milieu, it
is important to assess preliminary in vitro immune responses
to these ionomers for future long-term in vivo administration
applications.

3.3 | Immune Response Profile and Fate Mapping
of Nanocoatings

Silk is an FDA-approved protein biopolymer used for a wide array
of tissue engineering applications, ranging from disease modeling
to regenerative medicine [65, 66]. This can be attributed to its
mechanical properties, biocompatibility, biodegradability, and
chemical accessibility [20]. Determining the immunological fate
of SF-based biomaterials is challenging due to the multitude of
factors (e.g., secondary conformation, molecular weight, purity).
SF generally evokes a limited immune response that subsides
within a few hours to a few days post-implantation [67, 68].
The chemical modifications of the side chains of SF protein also
influence immunogenicity by exposing or masking any potential
antigenic epitopes, thereby altering immune cell recognition sites
[69]. The positive and negatively charged ionomers used for
nanoencapsulation are both chemically modified silk chains at
aspartate and glutamate residues (SF-EDA) and tyrosine residues
(SF-COOH), respectively [14]. Therefore, the immune response
of the nanocoating fragments following disengagement from the
cell surface after 72 h, was evaluated. THP-1 ASC reporter cell
lines were used for immunological profiling of the silk ionomers
based on their inflammasome activation reporter capability, as
indicated by green fluorescent protein (GFP)-labelled ASC speck

demonstrating the shielding efficacy of 3 and 6-bilayer nanocoating in protecting the hMSCs from mechanical stress for 150, 300, and 600 s respectively

(Scale bar: 100 pm), (f) Quantification of cell viability as a function of cell proliferation after subjecting the nanocoated cells to mechanical stress for 150,

300, and 600 s respectively (*p < 0.05, **p < 0.01 and ***p < 0.001) (normalized to the control and nanoencapsulated cells subjected to no shear force),

(g) Evaluation of cell membrane integrity as a function of LDH release quantification after subjecting the nanocoated cells to mechanical stress for 150,
300, and 600 s respectively (*p < 0.05, **p < 0.01 and **p < 0.001), (h) Experimental work flow to predict the fate of the nanocoatings post-disengaging
from the cell surface, and (i,j,k) demonstrating the internalization of the detached silk ionomer by the macrophages using flow cytometry.
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formation, observed by fluorescence microscopy [70]. Elevated
GFP expression in SF-EDA at 24 and 72 h was observed compared
to SF-COOH and SF only, implicating increased ASC-speck for-
mation, possibly due to inflammasome activation comparable to
the positive control (LPS) (Figure S13). Inflammasome activation
can be further traced downstream through the activation of
the inflammatory signaling cascade, leading to the secretion of
pro-inflammatory IL-13 and IL-18, as measured by the HEK-
IL-18 reporter cell line. When compared to SF, IL-18 secretion
demonstrated a significant 2-fold increase (p < 0.001) for SF-EDA
and a 1.25-fold increase (p = 0.338) for SF-COOH at 24 h, which
maintained the same IL-1(3 secretion pattern at 72 h. However, for
both SF-EDA and SF-COOH, there was no significant decrease
in IL-18 secretion from 24 to 72 h. Therefore, SF-EDA ionomer
demonstrated inflammatory characteristics with increased IL-13
secretion and enhanced GFP expression linked to inflammasome-
activated ASC speck formation compared to SF-COOH ionomer,
which was comparable to unmodified SF. EDA is known to
demonstrate inflammatory effects against Mycobacterium tuber-
culosis by promoting M1 polarization of macrophages and the
production of pro-inflammatory cytokines through the activation
of the p38/MAPK pathway [71]. Hence, there could be two strate-
gies to evade the inflammatory immune response by the SF-EDA
ionomer used for nano-encapsulation: (a) rapid clearance once
detached from the cell through phagocytosis by the macrophages,
or (b) immobilizing a cocktail of anti-inflammatory cytokines into
the ionomer bilayers to impair the immune response.

Macrophages play a crucial role in internalizing apoptotic cells
and degraded biomaterials within the body, as well as in acti-
vating adaptive immune cells post-implantation or following
cellular transplantation through phagocytosis [72]. Therefore, it
would be interesting at first to examine whether the detached
ionomers, which otherwise elicit inflammatory responses (SF-
EDA), can be cleared through phagocytosis by macrophages
(Figure 2h). Flow cytometry analysis revealed almost 89.3% and
95.5% internalisation of the FITC-labelled SF-EDA within 4 and
24 h, respectively, implying complete clearance of the degraded
and detached ionomers (Figure 2i-k). Thus, the rapid clearance
could avoid triggering innate immune response within few hours
of the transplantation but post internalisation by the phagocytes
and presented to the adaptive immune system through the major
histocompatibility complex I or IT (MHC I/1I) receptors, the pos-
sibility of triggering cytotoxic T-cell-mediated adaptive immune
response can impart a deleterious effect on the overall success of
the transplanted cells within the diseased site. Therefore, a more
reliable strategy would be to investigate a functionalized anti-
inflammatory nanocoating that preserves cellular integrity within
a catabolic OA niche, while also imparting immunomodulatory
effects into the surrounding inflammatory microenvironment.

3.4 | Immunomodulatory, Anti-Inflammatory
Nanocoating Inhibited Hypertrophic Differentiation
of the Chondrocytes and Promoted M1 Macrophage
Repolarization

Inflammation is an established pathophysiological driver of OA
orchestrated by the joint-resident immune cells, synoviocytes
and articular chondrocytes [73, 74]. A significant hurdle in
hyaline cartilage regeneration lies in the phenotypic drift of

the articular chondrocytes toward hypertrophic differentiation
with abnormal overexpression of transient cartilage genes (COL-
X, MMP1/13, collagen type-I (COL-I), etc.) and downregulation
of hyaline cartilage markers [75]. A wide range of tissue engi-
neering strategies has been employed to mitigate chondrocyte
hypertrophy by combining different small-molecule regulators
of OA and biomaterials, in injectable or implantable form [28,
76, 77]. Therefore, LBL coatings of the chondrocytes with anti-
inflammatory cytokine-loaded silk ionomers not only shield the
chondrocytes from the inflammatory stress but could also nourish
the cells with the anti-inflammatory regulators to transiently
attenuate hypertrophic maturation. A preliminary macrophage
polarization experiment to assess changes in the inflammatory
response of the SF-EDA post-cytokine addition showed a sharp
decrease in CD86 marker expression in the mixture of SF-
EDA and anti-inflammatory cytokines compared to the SF-EDA
only group, demonstrating successful incorporation of the anti-
inflammatory effect on the previously observed inflammatory
response to the SF-EDA ionomer (Figure S14). Following encap-
sulation, the 6-bilayer anti-inflammatory nanocoating preserved
the viability and proliferation potential of the chondrocytes,
as evaluated by live/dead staining and the Alamar Blue assay
(Figure S15). The anti-inflammatory ionomer encapsulated chon-
drocytes, when incubated in hypertrophic inflammatory media
(Figure 3c), exhibited a significant reduction in expression of
COL-X (Figure 3a,b) and RUNX2 (Figure S16), relative to both
ionomer-coated and uncoated controls (p<0.001). This suggests
that the anti-inflammatory nanocoating delivered sustained
trophic support, effectively delaying the onset of hypertrophic
differentiation. Autologous chondrocyte implantation (ACI) is
considered one of the standard FDA-approved surgical proce-
dures for treating OA, but challenges related to the hypertrophic
maturation of the implanted cells lead to insufficient cartilage
regeneration within the defect site. In this regard, the current
study demonstrated that anti-inflammatory 6-bilayer nanoencap-
sulation of chondrocytes preserved hyaline cartilage phenotype
and prevented cellular senescence under OA-mimicking inflam-
matory conditions in vitro, thereby advancing the potential of
chondrocyte-based cell therapy for OA.

A major pathological driver of OA progression is the infiltration
of pro-inflammatory M1 macrophages, further aggravating the
inflammatory niche. Therefore, effective regenerative therapies
for OA must also actively focus on modulating the local immuno-
logical niche to foster a pro-regenerative microenvironment
conducive to neo-cartilage formation. The activation of the M1
macrophages by the respective LPS, IFNy or damage-associated
molecular patterns (DAMPs) produced by the degrading articular
cartilage tissue, releases a plethora of pro-inflammatory cytokines
(IL-1B3, IL-6, TNFa) that further contribute to the severity of
OA [78]. Thus, when the anti-inflammatory nanocoated chon-
drocytes were co-cultured with polarised M1 macrophages, they
repolarized them to the anti-inflammatory M2 subtype, akin
to the in vivo immunomodulation process (Figure 3d). A pilot
experiment to evaluate the cytokine combination suitable for M2
polarization demonstrated the superiority of an IL-4, IL-13, and
IL-1Ra cocktail in achieving maximum M2 conversion, accom-
panied by enhanced CD206 expression (Figure S17) [33].After
72 h of co-culture with the pro-inflammatory M1 macrophages,
the anti-inflammatory coated chondrocytes repolarized the M1
macrophages to the anti-inflammatory M2 phenotype. This is
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FIGURE 3 | An anti-inflammatory nanocoating to modulate hypertrophic differentiation of chondrocytes and simultaneously immunomodulate
the surrounding inflammatory microenvironment, (a) Fluorescence micrographs comparing the expression pattern of hypertrophic marker, collagen
type X (COL-X) in the nanocoated chondrocytes post-incubation in hypertrophic medium for 7 days (anti-inflammatory coating: silk ionomer
nanocoating functionalized with anti-inflammatory cytokines, standard coating: cationic and anionic silk ionomer, non-coated control: only hMSCs without
encapsulation) (Scale bar: 100 pm), (b) Corresponding relative COL-X fluorescence intensities of the respective non-coated control, standard coating
and anti-inflammatory coating experimental groups, (c) Graphical representation illustrating the effect of anti-inflammatory nanocoating on the
hypertrophic differentiation of chondrocytes, (d) Graphical representation of the immunomodulatory effect of the anti-inflammatory nanocoating in
promoting M1 repolarization to M2 when co-cultured with anti-inflammatory coated chondrocytes for 72 h, and (e) Fluorescence micrographs comparing
the potency of M2 phenotype conversion from M1 post-co culturing with anti-inflammatory nanocoated chondrocytes using M1-specific CD86 and
M2-specific CD206 marker expressions (Scale bar: 100 um).
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characterized by upregulation of CD206 expression and downreg-
ulation of CD86 expression, compared to the standard ionomer-
coated chondrocytes (Figure 3e). Comparative analysis revealed
that 6-bilayer encapsulation induced a significantly higher degree
of macrophage polarization, as evidenced by a decrease in M1/M2
ratio (0.06), compared to the 3-bilayer system (1.14) (Figure
S18), underscoring the enhanced immunomodulatory efficacy
conferred by additional bilayers under inflammatory conditions
(Figure 3e). Macrophages have emerged as prominent therapeutic
targets in OA due to their substantial infiltration and prevalence
within inflamed knee joints and the surrounding periarticular
tissues [79]. A diverse array of small molecules and extracellular
vesicles derived from various cell types has been explored for
modulating macrophage function in osteoarthritic joints. This
is achieved by favouring M2 polarization from MO and subse-
quently inhibiting M1 phenotype conversion, a key parameter
for immunomodulatory therapy in managing inflammation in
OA [80].

Thus, based on the current findings, it can be inferred that the
anti-inflammatory nanocoating represents a significant advance-
ment in regenerative cell therapy for OA management by:
(i) preserving cellular proliferation and membrane integrity
under catabolic and biomechanical stress conditions, compa-
rable to standard nanoencapsulation; (ii) delaying the onset
and progression of hypertrophic differentiation in chondro-
cytes exposed to an inflammatory hypertrophic milieu; and (iii)
exerting immunomodulatory effects through the release of anti-
inflammatory cytokines that facilitate the repolarization of M1
macrophages toward the M2 phenotype. Future studies may
focus on covalently conjugating immunomodulatory cytokines
to chemically modified SF solutions, followed by enzymatic
crosslinking, to promote M1-to-M2 macrophage repolarization
and assess the long-term stability of the anti-inflammatory M2
phenotype in vitro over extended durations (14-28 days). The
native in vivo joint microenvironment during OA comprises
an intricate signaling crosstalk between the joint-resident cells
(chondrocytes, synoviocytes, and osteoblasts) and the infil-
trating immune cells (Natural killer cells, CD8+ T cells and
macrophages), releasing a wide array of chemokines, cytokines
and ROS. This creates a deleterious cycle of inflammation,
oxidative stress and continuous ECM breakdown. In our current
study, we aimed to recapitulate the anatomical architecture of
the osteoarthritic joint microenvironment in vitro using different
cell types, while employing cytokine and chemical cocktails to
chemically mimic the physiological effects of OA. This in vitro
OA-mimicking niche was utilized in our research to test the
efficacy of the barrier function and immunomodulatory activity
of the SF-ionomer nanoencapsulated hMSCs and Chondrocytes,
targeted for OA attenuation. However, considering the complex-
ity of the native inflammatory joint milieu during OA, future
investigations must be aimed at evaluating the shielding effi-
ciency and immune-regulatory profile of the nanocoatings under
in vivo conditions. Considering macrophages as an important
therapeutic target for OA management, it would be interesting to
investigate how LBL nanoencapsulation contributes to advancing
immunotherapeutic strategies in OA, extending beyond stem cell
and chondrocyte-based interventions to include immune cells,
such as macrophages.

3.5 | Macrophage Polarization Driven by
Nanoencapsulation Inhibited Synovial Fibroblast
Inflammation

Macrophages have been targets of regenerative OA therapies
due to their defensive role in phagocytosing incoming foreign
particles and presenting them to the adaptive immune system,
thereby aiding in orchestrating a multitude of immediate and
long-term immune responses within the body [81]. Recently, M2
macrophage-derived exosomes polarized the M1 to M2, signifi-
cantly reduced M1-specific iNOS expression in a rat OA model
using an alginate-hyaluronic acid hydrogel system [82]. Genetic
engineering-based macrophage reprogramming by intentionally
knocking out the inflammatory TNFa gene and overexpressing
the anti-inflammatory IL-4 gene in rat bone marrow-derived
macrophages demonstrated a consistent immunomodulatory
effect against the inflammatory FLS and chondrocytes [8].
Consequently, challenges such as the requirement for ex vivo
polarization of MO to M2 macrophages before administration,
the instability and loss of cellular integrity of the M2 phenotype
under inflammatory stress, and the use of sophisticated genetic
engineering techniques for permanent macrophage reprogram-
ming (e.g., gene insertion or knockout) limit the translational
potential of macrophages as an immunotherapeutic tool for OA.
Therefore, in the current study, the dual advantage of nanoencap-
sulation in macrophage-based immunotherapy is demonstrated
by conserving cellular integrity under inflammatory stress, while
also enabling in situ polarization toward the respective M1 and
M2 subtypes based on the immobilized cytokines within the
coating bilayers. This finding represents a new path forward in
developing anti-inflammatory immunotherapeutic strategies for
OA.

Prior to encapsulation, the silk ionomers were immobilized with
M1- and M2-specific cytokines, respectively, known to promote
the ex vivo polarization of the neutral MO to M1 and M2 subclasses
when added exogenously to the culture medium, respectively
(Figure S17). Accordingly, encapsulating the MO macrophages
with cytokine-loaded silk ionomers resulted in the successful
polarization of these cells into either the classically activated M1
or alternatively activated M2 subtypes after 72 h (Figure 4a). The
primary mechanism behind the entrapment of cytokines into the
ionomers is likely due to electrostatic interactions between the
charged SF solutions (SF-EDA and SF-COOH) and the cationic
and anionic amino acid residues of the cytokines, resulting
in non-covalent ionic interactions, supplemented by hydrogen
bonding and hydrophobic interactions. Comparable expression of
CD86, iNOS (M1) (Figure 4b) and CD206, Arg (M2) (Figure 4c)
between the ex vivo polarized and coating-directed polarized
macrophages underlines the efficiency of in situ polarization of
the nanocoated MO macrophages, while simultaneously preserv-
ing their viability under inflammatory stress (Figure S19). Also,
standard (cytokine-free) coatings produced only a mild, tran-
sient M1-skewed response, consistent with the expected surface
charge effect of cationic polymers (Figure S20). Embedding anti-
inflammatory cytokines (IL-4, IL-13, IL-1Ra) within the coatings,
however, actively directed macrophage polarization toward the
M2 phenotype. This further confirmed the immunomodulatory
behaviour was from the cytokine incorporation rather than
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FIGURE 4 | In situ nanocoating-mediated polarization of neutral MO macrophages to M1 or M2 phenotype and their immunoregulatory role in
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the coating material itself. The efficacy of nanoencapsulation-
mediated polarization was further assessed on the THP-1 ASC
reporter cell line-derived macrophages (Figure 4d). It is observed
that the inflammatory cytokine-embedded silk ionomer-coated
macrophages demonstrated enhanced green fluorescence com-
pared to the standard-coated macrophages (Figure 4e), followed
by a significant increase in IL-1§ secretion (2-fold; p < 0.001)
(Figure 4f). Therefore, the inflammatory nanocoating induced
the polarization of MO to M1 phenotype by activating major
inflammatory pathways, resulting in inflammasome activation
and increased IL-18 production. Such an inflammatory cytokine-
embedded nanoencapsulated macrophage with an M1 polariza-
tion tendency could find utility in immunotherapy for various
malignancies that result from grade-III OA (e.g., prostate, lung,
liver, skin) [83].

A successful macrophage-based immunotherapy in a degen-
erating OA microenvironment involves the polarization and
stable maintenance of M2 plasticity, as well as exerting an anti-
inflammatory influence on the surrounding inflamed tissues.
One such adversity in an OA niche is the synovial inflammation
or synovitis. It is a direct physiological manifestation of knee
OA, contributing to the clinical symptoms of joint swelling and
inflammatory pain [84]. The secreted catabolic factors by the
inflamed synovial tissue stimulate cartilage ECM degradation,
disrupting hyaline cartilage homeostasis. Therefore, the anti-
inflammatory nanoencapsulation on the macrophages should be
able to deploy an immunomodulatory effect by inhibiting the
production of inflammatory cytokines by the FLS (Figure 4g).
Hence, the neutral MO macrophages, after encapsulation with
anti-inflammatory cytokine-immobilised nanocoatings and co-
cultured with already inflamed FLS for 72 h, showed a sig-
nificant reduction in IL-18 production (eight fold; p<0.001)
(Figure 4h) and a decrease in a-SMA expression (Figure 4i;
Figure S21). An enhanced level of a-SMA expression, a key
myofibroblast marker, has been observed in the synovial fluid
of post-traumatic OA patients [85]. Thus, a reduction in a-
SMA expression in the FLS signifies a reduced tendency toward
fibrosis, which is considered a pathophysiological driver of OA
progression [86].

A monocyte-based immunotherapy requires a two-step ex vivo
polarization process, with an initial differentiation into adherent
MO macrophages, followed by polarization into the M2 subtype to
exhibit an anti-inflammatory effect. While the present study did
not include a direct co-culture model with M1 macrophages, our
data indirectly addressed this question by testing the nanocoated
cells under controlled exposure to key Ml-associated stres-
sors, including inflammatory cytokines, proteases, and oxidative
stress inducers, characteristic of the OA joint microenvironment
[87]. Under these conditions, the 6-bilayer SF-ionomer coating
effectively preserved cell viability, proliferation, and membrane
integrity compared with the 3-bilayer and non-coated controls,

demonstrating substantial resistance to the deleterious factors
secreted by M1 macrophages. These results support the protective
and stabilizing role of the nanocoating even in an inflammatory
milieu.

The next plausible strategy for improving the retention, barrier
function and immunomodulatory function of the nanocoating
strategy could be investigated upon transition from single cells
to 3D spheroids. Enhanced electrostatic interactions between the
cationic ionomers and negatively charged cell membranes could
be exploited to slow degradation of the nanocoatings.

3.6 | 3D Spheroids Exhibited Superior
Nanocoating Retention Than Single Cells With
Effective Immune Evasion

With the recent advances in cell therapy, a paradigm shift has
been observed from the delivery of single-cell suspensions to the
transplantation of 3D spheroids at diseased sites [88]. The shift is
mainly due to the superior in vivo stability of the spheroids, driven
by the secretion of ECM proteins (e.g., collagen, fibronectin)
that form a physiological barrier around the cells [89]. However,
when transplanted into an inflammatory microenvironment, the
cells in the outer layer of the spheroid are subjected to apoptosis
and immunological attacks by the infiltrating immune cells [90].
In such a case, a cytocompatible nanoencapsulation strategy
would temporarily shield the spheroids from the surrounding
harsh microenvironment, without affecting cellular proliferation
and membrane integrity, while also protecting the spheroids
from attack by immune cells (Figure 5a). The 24 h fluorescence
microscopy images of 10 000 cells/mL spheroids demonstrated
homogeneous deposition of FITC-labelled silk ionomers on the
surface (Figure 5b). The confocal images display a dense FITC
expression for both spheroid sizes, which gradually decreased, as
observed in the 168 h images, illustrating the degradation of the
nanocoatings. When comparing 10 000 and 20 000 spheroids at
168 h, the retention of the nanocoating in the 20 000 spheroids
was higher than in the 10 000 spheroids, demonstrating the
role of size and cell density on nanoencapsulation stability
(Figure 5c). Additionally, when measuring the FITC intensities
of the nanocoated single cells and spheroids from the culture
media at different time points, the intensities in the media
samples of the single cell suspensions were higher than those of
the spheroids. This signifies a comparatively higher degradation
rate of the nanocoating on the single cells than on spheroids.
When comparing the results based on cell densities, the FITC
intensity was 2-fold higher (p = 0.002) in a 20 000 single-cell
suspension than in the 20 000 cells/mL spheroid at day 3, a
difference that remained constant through day 7 (p < 0.001)
(Figure 5d). When the FITC intensity of the media samples
was estimated within individual spheroid groups for different
time-points, there was no significant increase in the relative

bar: 100 pm), (f) Quantification of cleaved IL-18 from the THP-1 ASC-derived M1 macrophages post 72 h inflammatory nanocoating (*p < 0.05, **p

< 0.01 and ***p < 0.001), (g) Graphical representation demonstrating the immunomodulatory effect of anti-inflammatory coated macrophages on

the surrounding inflamed synovium, (h) Fluorescence micrographs depicting the reduction in a-SMA expression after direct co-culturing the anti-

inflammatory coated macrophages with the inflamed synovial fibroblasts for 72 h (Scale bar: 100 um), and (i) Quantification of cleaved IL-18 from the

inflamed synovial fibroblasts post 72 h co-culture with anti-inflammatory coated macrophages (*p < 0.05, **p < 0.01 and ***p < 0.001).
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FITC intensity between days 1 and 3 and days 3 and 7 for
20 000 cells/mL spheroid. Collectively, from these preliminary
findings, it can be concluded that: (a) the nanoencapsulation
stability of the 6-bilayer was higher in spheroids than for the
single cell suspensions, and (b) 20 000 cells/mL spheroids have
a higher nanocoating retention capacity than 10 000 cells/mL
spheroids. A possible reason for increased coating stability
in spheroids could be the stronger electrostatic interactions
between the negatively charged ECM proteins (collagen and
fibronectin) on the spheroid surface and the positively charged
SF-EDA ionomer. Additionally, the lower surface curvature and
reduced shear sensitivity, due to the compact 3D structure
of the spheroid, possibly improved coating retention during
handling.

Further studies with nanocoated spheroids were conducted
using spheroids with only 20 000 cells/mL due to their higher
coating retention capacity. The 6-bilayer nanoencapsulation did
not significantly alter the proliferation potential of the hMSCs
within the spheroid, monitored until day 10 (Figure 5e). With
the potential application of nanocoated spheroids in OA man-
agement, the 6-bilayer encapsulated spheroids preserved the
cellular viability (Figure 5f) of the spheroids without indicating
any inclination toward apoptosis (Figure 5g) when exposed
to joint microenvironmental stressors. This further validates
their critical role in further studies related to cell therapy in
OA. However, it is also equally important to assess if there
is any direct correlation between higher coating retention
and improved barrier function of the nanoencapsulated hMSC
spheroids.

Therefore, the next objective was to analyze the immune surveil-
lance of M1 macrophages on nanoencapsulated hMSC spheroids,
which mimic the in vivo immunological niche in OA. From
Figure 5h, it was observed that the 6-bilayer nanoencapsulation
shielded the infiltration of M1 macrophages into the 3D spheroid
system for up to 72 h, as the coating was intact on the spheroid
surface. However, beyond 72 h, the progressive loss of the silk
ionomer coating directly influenced the extensive infiltration of
macrophages, which continued up to day 10, when the spheroid
was fully covered by macrophages (coating had fully degraded).
This immunological landscape is similar to the natural immune
response pattern during inflammation. This process begins with
the initial infiltration of monocytes, which phagocytose cellular
debris. This is followed by the recruitment of M1 macrophages to
activate acute inflammatory cascades and ultimately re-polarize
them into M2, initiating healing and repair [81, 91]. Therefore,
the findings reported here illustrated that the nanoencapsula-
tion safeguarded the spheroids from the initial inflammatory
immune cell attack until 72 h, until the nanocoating persisted
beyond which, the hMSC spheroids exert an immunomodula-
tory influence to re-polarize the M1 to a healing M2 pheno-
type that, in turn, infiltrates the chondrogenic hMSC spheroid

and could then aid in cartilage regeneration, as previously
described [9].

Although the nanoencapsulation safeguarded the 3D spheroids
from initial immune surveillance, the ionomer shells began to
dissipate after 72 h. Hence, a more advanced strategy is warranted
by chemically modifying the cationic ionomer with a functional
moiety to facilitate additional covalent interactions on the cell
surface beyond electrostatic interactions, thereby increasing the
stability of the nanocoatings.

3.7 | Co-Functionalization of EDA and TA Onto SF
Strengthened the Structural Stability of the
Nanocoatings Through Additional Di-Tyrosine
Linkage

Earlier findings from our study demonstrated that the 6-bilayer
nanoencapsulation stayed stable on the cell surface for 72 h.
Beyond this period, the coating is dispersed from the cell surface
and is generally phagocytosed by circulating macrophages within
24 h. However, in certain inflammatory disorders like cardiovas-
cular diseases, type II diabetes, or grade IV OA, the transplanted
cells require a long-term defense system to preserve viability
and function. Therefore, developing a nanoencapsulation system
with enhanced stability on the cell surface without compromising
viability is desirable for efficient cell therapy application involving
immunomodulation and tissue repair. Co-functionalizing tyra-
mine (TA) to the silk chain, along with EDA, can increase the
number of tyrosine units while retaining the net positive charge,
which is essential for nanocoating [37, 92]. Further, an increase
in tyrosine units in SF biopolymer can enhance the possibility of
increased di-tyrosine crosslinking during HRP-assisted gelation.
It can further facilitate the phenolic crosslinking between the TA
group in the ionomer and the phenolic residues present on the cell
surface receptors and peri-cellular matrix in the presence of HRP
and H,0,, in addition to the electrostatic interactions (Figure 6a)
[37, 93, 94]. Such supplementation of covalent crosslinking,
along with the electrostatic interactions, should enhance coating
stability by further delaying degradation and detachment of the
ionomer shells.

The incorporation of TA into the SF-EDA ionomer has been
confirmed through various analytical methods. 'H NMR spec-
troscopy confirmed the covalent incorporation of EDA and TA
to the silk chains. The methylene protons due to EDA appeared
next to the Tyr 8 proton peaks of SF (chemical shift 2.5-3.5 ppm)
on the NMR spectrum (Figure S22) [14]. Similarly, the aromatic
proton peaks of TA appeared in similar chemical shifts (6.7-
7.05 ppm) of SF tyrosine residues (Figures S23 and S24) [14, 22].
Molecular weight estimation using ImageJ software following
PAGE analysis demonstrated an increase in the mean molecular
weight of the SF-EDA-TA to 77.5 kDa from 73 kDa (only SF-EDA),

7 (*p < 0.05, **p < 0.01 and **p < 0.001), (e) Quantification of % cell viability as a function of cell proliferation within the 3D spheroids post 6-bilayer

encapsulation up to day 10 using alamar blue assay (*p < 0.05, **p < 0.01 and ***p < 0.001) (normalized to non-coated 3D spheroids), Quantification

of (f) LDH release and (g) % cell viability of the 6-bilayer nanoencapsulated 3D spheroids post 72 h incubation in cocktail stress media (*p < 0.05, **p
< 0.01 and ***p < 0.001) (normalized to non-coated 3D spheroids not exposed to cocktail OA stress), and (h) Bright-field and fluorescence microscopy
images highlighting the shielding effect of the nanocoating in preventing the M1 macrophage infiltration up to 72 h (Scale bar: 100 um).
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FIGURE 6 | Co-functionalization of tyramine (TA) along with EDA directly into the silk chain increased the stability of the nanocoating on the
cell surface due to additional covalent interaction. (a) Chemical synthesis of SF-EDA and SF-EDA-TA using carbodiimide coupling chemistry, (b)
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co-functionalization of TA and EDA into the silk chains, (d) Zeta potential measurements to estimate the change in overall charge of SF-EDA post-
incorporation of TA into the silk chains (*p < 0.05, **p < 0.01 and ***p < 0.001), (e,f,g) FTIR measurements to quantify the alteration in beta sheet
content post co-functionalization of TA into the cationic silk ionomer (*p < 0.05, **p < 0.01 and ***p < 0.001), (h) Water Contact Angle (WCA)
measurements of SF-EDA and SF-EDA-TA (*p < 0.05, **p < 0.01 and ***p < 0.001), (i) Fluorescence micrographs to compare the stability of the
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indicating successful incorporation of tyramine groups into the
SF-EDA ionomer (Figure 6b,c; Figure S25). The incorporation of
TA was further confirmed by the decrease in the zeta potential
of the SF-EDA from 7.39 to 5.16 mV in the SF-EDA-TA, indicating
the reduction in the positive amine groups due to the substitution
of TA moieties into the silk chain (Figure 6d). However, no signif-
icant difference in the percentage of beta sheet content of both
SF-EDA (31.81%) and SF-EDA-TA (30.84%) was observed upon
FTIR spectra quantification (Figure 6e,f), implying no significant
changes in secondary structure conformation post-modification
with TA (Figure 6g). Water contact angle (WCA) measurements
showed an increase in the hydrophobicity of the SF-EDA-TA
biopolymer, with a water contact angle of 81.43° +1.09° compared
to SF-EDA (74.07° + 4.25") (Figure 6h). Taken together, it can
be concluded that the successful co-functionalization of TA
and EDA onto SF resulted in the development of SF-EDA-TA
ionomer.

Fluorescence microscopic images confirmed the coating stability
up to day 7 for both the crosslinked and the non-crosslinked
(control) group. When compared, the crosslinked group showing
enhanced stability, possibly due to oxidative phenolic crosslink
formations between the tyrosine units of SF-EDA-TA (Figure 6i).
A similar stability profile of the SF-EDA-TA ionomer nanocoating
was observed for THP-1 immune cells, due to the covalent
interaction that extends beyond the interaction between the cell
surface and pericellular matrix phenolic groups and TA residues
in situ (Figure S26). Live/dead imaging of the nanoencapsulated
cells (crosslinked and non-crosslinked) at days 1, 3, and 7 showed
that the SF-EDA-TA nanocoating was cytocompatible (Figure 6j;
Figure S26). However, a decrease in cellular proliferation was
observed within 24 h of incubation in the crosslinked SF-
EDA-TA nanocoating, which subsequently increased at day 7,
compared to the non-coated and non-crosslinked (only SF-EDA-
TA) controls, respectively (Figure 6k). This can be attributed to
the oxidative stress-induced cell death caused by excess secretion
of reactive oxygen species due to the direct exposure of H,0,
to the cells [95, 96]. Additionally, when the RBITC-labelled SF-
EDA-TA nanoencapsulated hMSCs were seeded on a 96 U-bottom
plate at a density of 20 000 cells/mL, the nanocoated cells
successfully formed spheroids and retained their coating until
day 7 (Figure 61,m). Thus, the covalent phenolic crosslinking
stabilized the nanoencapsulation, even in 3D spheroids, beyond
single-cell suspensions, ensuring the activation of intercellular
signaling cascades required for cellular aggregation and spheroid
formation [97].

Cell surface engineering has been widely explored to introduce
a wide range of chemical interactions between cell surface
functional groups and binding sites with biomaterials, thereby
influencing mechanotransduction and cell differentiation [98].
Therefore, the development of tunable cytocompatible nanoen-
capsulation strategies leveraging the in situ covalent di-tyrosine

crosslinking mechanisms offers a new option for more persis-
tent nanocoatings. The on-cell phenolic crosslinking chemistry
and the electrostatic interaction between the positively charged
ionomer and the negatively charged cell membrane increased
the structural stability of the nanoencapsulation from 72 to
168 h (7 days) without compromising cellular integrity. This cell
encapsulation strategy, by introducing an additional interaction
domain to the ionomers, could be deployed for treating acute
inflammatory conditions where the transplanted cells require
longer-term protection from hostile environmental conditions
and immunological surveillance. The physicochemical properties
of the nanocoating can be further tailored by adjusting the con-
centration and stoichiometric ratio of EDA and TA to control the
degree of substitution, crosslinking, hydrophobicity, and charge.
This can either aid in delaying or accelerating the degradation
of the nanocoating, thereby exhibiting modular characteristics.
Ongoing efforts could evaluate the shielding efficacy of the
additional covalent crosslinking when the nanocoated cells are
subjected to extreme catabolic factors, biomechanical stress and
inflammatory immune cell attack. However, it can be hypothe-
sized that the di-tyrosine bond formation with the oxidative cou-
pling of SF tyrosine and phenolic side chains of tyramine should
provide alonger-term immunomodulatory effect through the sus-
tained release of the immobilized cytokines into the surrounding
niche.

Therefore, the current study focuses on the early post-
transplantation phase, where the transplanted cells encounter
intense oxidative, inflammatory, and proteolytic stress. The
goal of our silk ionomer nanoencapsulation strategy is to
provide transient cytoprotection and immune modulation
during this critical window, rather than long-term mechanical
reinforcement. In vitro, the base cationic-anionic coatings remain
intact for ~72 h through electrostatic attraction; the incorporation
of tyramine (TA) moieties extends stability to ~168 h via covalent
di-tyrosine crosslinking. This 1-week protection aligns with the
acute inflammatory phase following implantation, when the
majority of transplanted cells are lost. Safely bridging this period
markedly improves engraftment and initiates the regenerative
cascade. For long-term cartilage repair, the strategy can be further
tuned by controlling S-sheet density, covalent crosslinking, and
degradation kinetics to extend coating persistence to several
weeks.

4 | Conclusions

The current study elucidated the efficacy of an engineered
nanoencapsulation approach as a protective cell armour against
harsh environmental factors, biomechanical stressors, and shear
force, without attenuating the viability, metabolic activity, pro-
liferative potential, and differentiation ability of hMSCs. This
work designed an advanced cytokine-functionalized SF-based

TA-functionalized nanocoatings on hMSCs with and without enzymatic crosslinking (Scale bar: 100 pm), (j) Live/dead micrographs of the crosslinked

and non-crosslinked TA-functionalized nanocoated hMSCs at days 1, 3 and 7 (Scale bar: 100 um), (k) Comparing the % cell proliferation rate of the hMSCs

post-encapsulation with crosslinked and non-crosslinked TA-functionalized nanocoatings at days 1 and 7 respectively (*p < 0.05, **p < 0.01 and **p <
0.001) (normalized to non-coated hMSCs), and (I,m) Confocal fluorescence micrographs and RBITC fluorescence intensity demonstrating the stability
of the tyramine-functionalized nanocoating on the hMSCs in 3D spheroid platforms (Scale bar: 100 um) (*p < 0.05, **p < 0.01 and ***p < 0.001).
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nanocoating system that successfully exhibited a range of
immunomodulatory effects, spanning immune-instructive to
immune-regulatory roles. The immune-instructive properties of
nano-encapsulation facilitated the coating-mediated polarization
of neutral MO macrophages into M1 or M2 phenotypes. In
contrast, the immune-regulatory attributes modulated the repo-
larization of the M1 macrophages into a healing M2 phenotype,
resulting in reduced synovial inflammation. Moreover, the find-
ings also suggest that the nanocoatings exhibit enhanced stability
on 3D spheroids compared to single-cell suspensions, with
additional activation of a defense system against inflammatory
immune surveillance. Lastly, we introduced a new ionomer by
incorporating additional covalent interactions (between the cell
and the ionomer) beyond electrostatic interactions through the
co-substitution of TA and EDA into the silk chains, to delay
the degradation of the nanocoatings without affecting cellular
homeostasis. Therefore, this study provides a systematic inves-
tigation into designing a versatile nanoencapsulation strategy to
shield engrafted stem cells, chondrocytes, or macrophages from
the deleterious catabolic OA milieu, thereby enabling cartilage
repair while simultaneously exhibiting immunomodulatory and
immune-instructive effects to initiate healing. In addition, mask-
ing the immune recognition sites on the cell surface through
nanoencapsulation may also broaden the utility of advancing
allogenic cell therapy. This could provide a unique framework for
developing clinically feasible regenerative therapies to mitigate
OA.

Subsequent investigations may explore the protective poten-
tial of these nanocoatings against cell-mediated cytotoxicity
through a co-culture setup with various cytotoxic immune cells,
including natural killer cells, CD8+ T cells, and dendritic cells.
Additionally, follow-up studies can be designed to assess the
capacity of these nanocoatings to guide stem cell differentia-
tion in single-cell suspensions or spheroids by sustaining the
delivery of differentiation growth factors to the cells. Further
co-functionalization of antioxidant small molecules with the
silk ionomers would also enable oxidative regulation of the
ROS-rich microenvironment, in addition to the already demon-
strated immunomodulation. The functionalized nanocoating
approach with long-term nanocoating persistence on the cell
surface can be further extended to different tissue-specific pri-
mary cells. The modular degradability characteristics of the
nanoencapsulation strategy can be utilized in managing chronic
inflammatory disorders like neural stem cells for neuroinflam-
mation, cardiomyocytes for myocardial infarction, beta cells
for type II diabetes and other inflammatory diseases beyond
OA.
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